The complex interactions between the central nervous system (CNS) and the immune system in normal and pathological conditions have long been a subject of investigations, and a large amount of data have been accumulated in this field. The immune system communicates with the CNS mainly via synthesis and secretion of cytokines. Receptors for cytokines are expressed on cells of hippocampus, which is responsible for the memory functions. Changes in cytokine profile are registered in patients with neurodegenerative dementia of Alzheimer type and increased production of pro-inflammatory cytokines in systemic inflammatory diseases is associated with typical neuropsychological and behavioral signs in experimental and clinical conditions. These and many other evidence confirm the role of the cytokines and immune system respectively in modulation of cognitive functions but the precise mechanisms and targets of their action in normal status and in various diseases are still not fully clarified. This review aims to summarize the discovered effects and consequences of immune-CNS interactions in the field of cognitive functioning and to outline the missing gaps and perspectives for future investigations.
The nervous and the immune systems are the main regulators, monitoring and maintaining the homeostasis of the organism. Together they provide control and adaptation to changes in the internal and external environment to maintain the integrity and balance of the body. Thus the two systems are in constant interactions to each other. There are resident immune cells in the nervous system (microglia) and peripheral nerve terminals penetrate the immune organs. Nerve cells use immune components such as cytokines and chemokines for sending signals to other cells and the immune cells express receptors for neurotransmitters and poses the ability to synthesize neurotransmitter molecules, such as acetylcholine, glutamate, dopamine, serotonin (1) . The immune system plays important role in neurogenesis and neural plasticityprocesses with crucial effect on the cognitive abilities. Important structures in the central ________________________ nervous system (CNS) involved in cognitive functioning express receptors for different cytokines.
Experimental evidence for influence of the immune system on cognition
Circulating immune cells and especially T lymphocytes are necessary for maintaining the normal cognitive functioning. Evidence for this are the experimental studies on mice with severe combined immune deficiency (SCID) and nude mice (with selective deficit of mature T lymphocytes), which show extensive impairment of the memory and learning abilities, connected to the hippocampal activity. Introduction of T lymphocytes from the wild type in these animals significantly improves the results of memory and learning tests (2) (3) (4) . In agreement with these data, but difficult to interpret from a clinical point of view are the findings of in transgenic mice with excessive production of monospecific autoreactive T lymphocytes, directed towards a brain antigen. Experimental animals show better abilities for learning and memory compared to the control group (5).
In adult mice, effects on T cell immunity, such as bone marrow transplantation after radiation exposure lead to a partial recovery of impaired spatial memory in experimental animals (3) . Procedures, such as physical exercises and low-caloric diet, which delay brain aging and related memory impairment, are associated with enhancement of T cell immunity (6) .
Except of microglia cells, which are inherent for the nerve tissue and possess immune functions, meninges with their T lymphocytes are important place for immune responses. Performance of cognitive tasks leads to migration of T cells into the meningeal spaces, where they are activated acquiring Th2 phenotype. T lymphocyte depletion in the meninges causes memory and learning impairment and is accompanied by a transformation of meningeal myeloid cells in those of pro-inflammatory type (7) . These data raise the question about the role of proinflammatory and anti-inflammatory mechanisms in the implementation of the cognitive processes.
In basic conditions, i.e. in absence of infectious or other strong pathogenic stimulus, both proinflammatory (IL-1, IL-6, TNF-alpha, IFNgamma) and anti-inflammatory (IL-4, IL-10) cytokines act as regulators of the normal cognitive functioning.
Experimental studies proved the role of IL-1 in synaptic plasticity. Secretion of this cytokine is induced within the hippocampus during the learning process. Studies with knocked out mice have shown that IL-1 is required for the consolidation of memory which depends on proper functioning of the hippocampus. Exogenous administration of low doses of IL-1 can improve hippocampal-dependent memory functioning.
Blockade of IL-1 signaling, either by pharmacological or by genetic manipulations impairs memory and learning processes. Excessively elevated levels of IL-1 also have detrimental effect on hippocampal memory functioning, whereas the performance of hippocampal-independent tasks is spared (8) . All these evidences suggest the conclusion that low, ''physiological'' levels of IL-1 in the hippocampus play an important role in normal learning and memory processes.
The role of IL-6 in memory is also quite complex. IL-6 influences learning and memory in different, and even opposite ways under various conditions. IL-6 has been shown to be a regulator of neurogenesis. Neurogenesis is important for cognitive function and modulating memory functions, such as, memory consolidation and some types of hippocampal-dependent learning (9) . IL-6 also appears to influence synaptic plasticity as it was shown by number of authors (10) (11) (12) . Impaired IL-6 signaling is associated with memory improvement (13) . Studies of Heyser et al., 1997, and Tha et al., 2000, has demonstrated the role of this cytokine in agerelated cognitive dysfunctions. On the other side, acute administration of IL-6 does not produce any effect on memory, and elevated levels of IL-6 have been associated with protection from memory loss in several medical conditions (14, 15) . According to the current knowledge, the role of IL-6 in memory depends on the specific conditions under which it is elevated, as well as on the magnitude and duration (acute or chronic) of the elevation (16).
Interleukin-18 (IL-18) is a member of the IL-1 pro-inflammatory cytokine family. It is closely related to IL-1beta, and was detected in the cortex, cerebellum, hippocampus, hypothalamus and striatum. Like IL-1beta, IL-18 was shown to inhibit Long Term Potentiation (LTP, used as a cellular model of learning and memory) especially in the rat dentate gyrus (17) . These findings suggest that over-expression of IL-18 may has detrimental effect on synaptic plasticity and memory formation.
There are experimental data for the role of another pro-inflammatory cytokine, IFNgamma, in enhancement of neurogenesis. Baron et al. 2008 , demonstrated that low amounts of IFN-gamma stimulates neurogenesis in the dentate gyrus of adult mice and improves the spatial learning and memory performance of the animals (18) .
Physiological levels of TNF-alpha, in mice, under immunologically non-challenged conditions are essential for normal functioning of memory and learning (19) . Previous studies with transgenic mice demonstrated that overexpression of TNF-alpha resulted in altered learning and memory process (20, 21) . Contradictory to some degree are the results from studies with TNF knocked-out mice, showing no memory impairment or even less susceptibility to the memory impairment caused by brain injury (22, 23) . There are some evidences that the detrimental effect of TNFalpha on memory and learning is dose and age dependent.
The effects of IL-2 on cognitive functions are not fully clarified yet. Chronic administration of IL-2 has been associated with hippocampal neurodegeneration in rats and suppression of (24) .
The role of the anti-inflammatory cytokines in cognitive functioning seems to be poorly studied. IL-4 -a typical representative of Th-2 cytokines was determined to have an important role in higher brain functions. Mice that lack IL-4 demonstrate cognitive impairment in spatial learning tasks, and this effect can be reversed by transplantation of IL-4-competent bone marrow (7) . Several experiments suggest a potential role for IL-4 in countering age-related pro-inflammatory changes (25) . The cognitive impairment seen in aged mice might be partially explained by the increase in pro-inflammatory cytokines and a decrease in the amount of and sensitivity to the opposing IL-4, through disruption of LTP.
Study on the role of IL-10 in infection-induced behavioral and cognitive functioning suggests the importance of this cytokine in maintenance of normal neuro-immmune communications. IL-10 inhibits sickness behavior and contributes in reducing the negative effect of inflammation on hippocampal-dependent working memory (26) . There are evidence that IL-10 possesses the potential to modulate early brain development and the consequent cognitive functioning (27, 28) . Both IL-4 and IL-10 can abrogate learning and memory deficits observed in inflammatory models of Alzheimer's disease (29, 30) Taken together experimental data suggest that activation of cytokine network within physiological range is a necessary phenomenon for development and maintenance of normal cognitive functions (Figure 1) . Figure 
Cytokines and cognition
Clinical relevance/aspects of immunenervous system interactions for cognitive functioning in humans Changes in cognitive processes become more frequent with aging. As regards to the immune system, studies have shown that senescence is associated with an exaggerated inflammatory response and a decrease in production of antiinflammatory proteins.
Activation of the brain's resident immune cells -microglia can Another body of evidence for the role of immune mechanisms in the cognitive functioning is provided by investigations of cognitive abilities during acute or chronic inflammatory states. The so called "sickness behavior" accompanied by transient decrease in attention and memory functions is a well known phenomenon in acute viral (e.g. inflienza) infections. A classical example in this area is the effect of endotoxin administration in healthy volunteers. Along with markedly increased circulating levels of IL-6, TNF-a, soluble TNF receptors, IL-1ra, and cortisol it has produced a global decrease in memory functions, reflected by decreased immediate recall of story items, reduced delayed story recall, a deficit in immediate and delayed recall of figure items, and decreased performance in Word List Learning, 1, 3 and 9 hours after intravenous injection. Impairments in immediate and delayed story recall have been found to correlate significantly and positively with the secretion of IL-6, TNFalpha, and IL-1ra (41) .
In attempt to search for causality between cognitive impairment and cytokine concentrations Arnold et al., 2002 , have examined short-term memory, selective attention, and executive control after administration of IL-6. Surprisingly, no cognitive disturbances but improvement in short-term memory has been observed (42).
This study demonstrates again that the consequences of elevated IL-6 levels are determined by many factors. In consistence with this theory are the results from studies assessing memory functions in patients with autoimmune diseases. Higher levels of IL-6 in the serum were associated with higher learning scores in patients with systemic lupus erythematosus and with lower score on Mini Mental State Examination in patients with relapsing-remitting multiple sclerosis (43, 44) . Associations have been reported between immune biomarkers and aging-associated neurodegenerative diseases, particularly Alzheimer's disease (AD). Mononuclear cells from AD patients have shown higher basal pro-inflammatory cytokine production in vitro (45) . A study conducted by Yang et al. 2009 has demonstrated significant correlation between increased serum TNF-alpha and the risk of developing the disease (46) . Higher serum concentrations of IL-17, IL-18 and IL-23 have been found in patients with AD compared to healthy controls (47) . The immune activation in AD is also supported by the data for increased levels of IL-1beta; IL-6 and TNF-alpha in cerebro-spinal fluid of these patients and microglial activation with proinflammatory cytokine secretion in histological samples obtained by biopsy or post mortem (48, 49) . Despite of the large amount of evidence for involvement of the immune system in neurodegenerative dementia its role as a causality factor or a consequence is still contentious. The other major question is whether inflammation in dementia must be therapeutically affected, in what direction and how.
CONCLUSIONS
This short review highlights the critical involvement of the immune system in different aspects of cognitive functioning. During normal, quiescent conditions, immune system positively regulates learning and memory via interactions among neurons, glia and other brain cells. Cytokine-induced modulation of memory processes is a complex phenomenon, including both detrimental and beneficial effects, depending on the specific cytokine, its levels within the brain, and the particular condition that changes the cytokine secretion. Although the knowledge in this field increased dramatically during the last decades there are still many unknown details about the intimate mechanisms underlying immune-cognitive interactions in humans. Attempts to correlate serum cytokine levels or their CSF and local concentrations with different cognitive domains represent serious challenges. Much more research is needed to establish the immune biomarkers indicating detrimental or protective effect on cognitive abilities in healthy individuals and in different pathological conditions and thus to allow development of more effective preventive and therapeutic strategies for cognitive boosting. alpha transgenic mice, one characterized by neurological disorders, the other phenotypically normal. Brain Res, 840:125-137, 1999. 21. Fiore, M., Angelucci, F., Alleva, E., Branchi, I., Probert, L. and Aloe, L., Learning performances, brain NGF distribution and NPY levels in transgenic
